Abstract: Nanofiber production by electrospinning has made great progress over the past two decades. Recently the research area was revolutionized by a novel post-processing approach. By cutting the endless and intertwined nanofibers into short pieces, it is now possible to reassemble them into interconnected 3D structures. Such highly porous structures are built from dispersed short nanofibers by freeze-casting. This solid templating process controls the structures' ultimate properties and architecture in terms of primary and secondary pores below 5 µm and between 10 and 300 µm, respectively. The objective of this review is to provide insight into this young field of research, in particular highlighting the processing steps, materials and current applications, from scaffolds for tissue engineering, acoustics, sensors and catalyst supports to filtration.
Introduction
Less is more, especially when considering ultralight materials. Due to their characteristics such as high surface area, high porosity, and low apparent density, such materials are of interest for several applications -from catalyst supports, acoustics, thermal insulation, electrode materials and sensors to tissue engineering. [1] 3D porous structures are often synthesized using nanoscale building blocks such as nanoparticles, nanotubes, nanorods or recently by using nanofibers. [2] Typically, nanofibers are obtained through electrospinning -an electrostatic fiber drawing process, which has outperformed other nanofiber production technologies in terms of versatility and cost-efficiency. Several approaches exploited the potential of the electrospinning process to build 3D nonwoven scaffolds, [3] including self-assembly, [4] cool drum spinning, [5] or gas expansion. [6] However, these approaches require sophisticated electrospinning devices or post processing, since layer-by-layer deposition dominates fiber production in electrospinning. [7] Moreover, the resulting scaffolds lack the possibility to add scalable pores and often show poor mechanical stability. [8] Recently, Ding and Greiner pioneered a simple way of producing ultralight nanofiber based aerogels or sponges by cutting electrospun membranes into short fiber fragments and subsequently freeze-drying the slurry of these fragments. [2a,b] The idea of using short electrospun nanofibers to enhance the mechanical stability of composites was already proposed by Reneker. [9] Since then numerous approaches have been investigated to obtain short electrospun nanofibers, either by cutting the fibers with an electric spark or by minutely controlling the spinning parameters. [10] Yet none of them was as straightforward and simple as mechanically cutting the continuous but closely packed fibers in electrospun membranes using a blender or dispersion tool. [11] By separating fiber formation and fiber processing, 3D nanofibrous scaffolds can be produced in a controlled manner without relying on the layer-by-layer dominated deposition character of electrospinning. Ultralight aerogels from short nanofibers as building blocks distinguish themselves by their open and porous architecture with entangled fibers rendering them robust and flexible (Fig. 1) . Understanding the underlying solid templating mechanism allowed us to tailor pore shape and pore size of nanofiber-based aerogels. [12] Combining a controllable shaping method with the versatility of fiber production by electrospinning proves outstanding potential for nanofiber-based scaffold production. In the following, we will highlight the fundamental processing steps and applications of 3D nanofiber-based aerogels according to recent advances in this young field of research. [2a,b,12,13] Synthesis of Nanofiber-based Aerogels Ultralight highly porous aerogels are obtained following four processing steps (Fig. 2) . First, continuous nanofibers are (PAN), [2a,b,13a,e-g] polylactic acid (PLA) [13i,j] or polycaprolactone (PCL), [13h] but there are also composites reported from biopolymers or even from inorganic sources, such as gelatin, [13i,j] pullulan, [12] or SiO 2 . [13b,c] 
Fiber Cutting
To obtain a homogenous dispersion of short nanofibers, it is necessary to break the long electrospun nanofibers apart. By applying high shear forces it is indeed possible to untangle and cut the closely packed nonwovens. As exemplified, the water-soluble pullulan/polyvinyl alcohol (PVA) nanofibers are cut in 1,4-dioxane to obtain a stable fiber dispersion (Fig. 3a) . The fiber fragment length is controlled by homogenization time. For a fiber length of approx. 40 µm corresponding to an aspect ratio of 140, a homogenization time of 20 min is sufficient. This exemplary aspect ratio for short pullulan/PVA nanofibers is fully in-line with literature findings for
Electrospinning
Preparing nanofibers by electrospinning is straightforward. The basic electrospinning setup consists of a high voltage power supply, a syringe pump to promote the polymer solution and a grounded collector. [7] When high electric fields are applied to the surface of the polymer solution, surface charge is generated until the repulsive forces overcome the surface tension of the solution. This results in a thin jet of polymer solution, ejected from a so-called Taylor cone temporally formed at the tip of the syringe needle. As the jet dries during the flight, elongation by bending and whipping takes place until the dry fiber is deposited on the grounded collector with typical diameters between 50 and 500 nm. Electrospun fibers are characterized by an ultra-high aspect and high surface-to-volume ratio. The majority of nanofibers used as aerogel framework was spun from synthetic polymers such as polyacrylic nitrile produced by electrospinning from a polymer solution (i). Using standard electrospinning, thin non-woven membranes are readily obtained. These membranes are subsequently cut in a non-dissolving liquid giving a homogenous dispersion of short nanofibers (ii). During freezing, the dispersed nanofiber fragments are rejected by and concentrated between the growing solvent crystals (iii). This natural entrapping or self-assembly process is crucial for the formation of the 3D architecture and determines its characteristics such as porosity and mechanic stability. By anisotropic cooling, directional solidification takes place and thus alignment of the pores is feasible. Finally, drying the frozen fiber dispersion by sublimation yields the desired raw body (iv). To ensure mechanical stability, the nanofiber-based aerogel is eventually crosslinked or it can be post-processed by using appropriate techniques. 
The four main processing steps for nanofiber-based aerogels are: (i) fabrication of non-woven nanofibers by electrospinning, (ii) cutting of nanofibers to obtain dispersed short nanofibers, (iii) solid templating by freezing and (iv) drying by sublimation to obtain the 3D network of short nanofibers.
is possible to align the pores inside the aerogel. [16] These secondary pores can be tailored from 10-300 µm by minutely controlling the freezing conditions such as freezing rate, dispersion liquid, and additives. Furthermore, by changing the fiber loading of the dispersion, the total porosity of solid templated aerogels can be modified. Typically, fiber loadings are between 0.1 and 40 mg ml -1 , providing aerogels with respective densities between 0.12 and 140 mg ml -1 in the following freeze-drying step. Consequently, by carefully controlling both the fiber concentration and the freezing conditions, solid templating provides great flexibility in tailoring both the microstructure and the macrostructure of the aerogels' architecture. [2a,b,12,13] Although there is a lower limit for fiber loadings in the dispersion to prevent collapse of the nanofiber based structure upon freeze-drying, it is possible to prepare materials with porosities up to 99.992 %. [2a] and filled into a freezing mold. As the fiber dispersion is solidifying upon freezing, a natural segregation process takes place. When the solvent crystals grow slowly (i.e. heat sink temperature close to freezing point), the fibers inside the dispersion will be rejected and pushed away by the growing solvent crystals. [14a,b,15] If the velocity of the growing solvent crystals, the so-called freezing-front velocity, v f , becomes faster, then the fibers inside the dispersion cannot escape and they will be embedded in the growing crystals. Hence, an ultrafast v f (i.e. shock freezing) will preserve the isotropic distribution of the short nanofibers from the starting dispersion, so that crystal templating is minimized. [12] Depending on v f , on the fiber loading of the dispersion, and on the choice of solvent, pore size and structure can be governed, to tailor the macroscopic properties of the aerogel. [12,13b,14a,b] For instance using a directional freezing approach, it other polymers (Table 1) . [2a,b,12,13] Fiber loading and the choice of dispersion liquid directly influence the solid templating process. To a certain extent, the choice of the polymeric framework restricts the option of usable dispersing liquids. Obviously, the dispersing liquid must not dissolve the suspended nanofibers. Yet, the liquid has to wet the fibers to enable the cutting process. Currently, water (partially augmented with alcohols as wetting agents), ethanol, tert-butyl alcohol, camphene, toluene, and 1,4-dioxane have been used as dispersing liquids. Moreover, the crystallographic properties of the selected dispersing liquid determine the architecture of the templated aerogel, i.e. lamellar with water, monoclinic with 1,4-dioxane or prismatic with tertbutyl alcohol. [12,13,14b] 
Solid Templating
Once the dispersion or slurry of short nanofibers has been prepared, it is degassed istic entanglement. [2a,12,13b] This stands in contrast to ceramic aerogels with similar functions, which are usually very brittle and break under strain. [19] In exploiting the unique morphology, high porosity, large surface area, ultralight weight and interconnected network the broad scope of nanofiber based aerogels was shown. Si et al. enhanced the aerogels' usability by adding SiO 2 fibers or SiO 2 nanoparticles. The generated aerogels proved to be very efficient in separating oil from water. [2a,13a] Furthermore they showed beneficial sound absorption properties and the materials could also act as a thermal insulator. [2a] In their most recent study Si et Duan et al. immobilized Au nanoparticles on the surface of nanofibers prior to solid templating. The obtained Au-loaded aerogel featured high catalytic activity in reducing nitrophenols, while the aerogels themselves could be used several times. The high porosity of the catalysts' support allows an efficient mass transport with reaction rates equal to dispersed systems. [13e] Our current research aims to understand the pore formation mechanism to take advantage of the possibility to tune the pore size and architecture of the aerogels. We were able to tailor the size of secondary pores between 9.5 and 123 µm, thus directly increasing the mass flow through the aerogel by a factor of 7. At the same time it was possible to lower aerosol penetration from 9.98 to 0.04% by altering the aerogels' microstructure to enhance the filtration efficiency by more than two orders of magnitude. [12] Perspectives After a promising start, solid templating of electrospun materials may become established as a new process to generate tailor-made 3D structures for three reasons: first, the process is simple and straightforward. Liquid handling of fibrous dispersions is scalable and, most importantly, independent from the fiber formation process by electrospinning. Second, since the
Current State of Applications
Already electrospun membranes have become interesting scaffolds for tissue engineering, since nanofibers can mimic the structural and biological functions of the extracellular matrix. [18] Therefore, 3D solid-templated structures with an openporous and hierarchical architecture offer even further possibilities and prove to be very similar to natural structured materials, such as bone or sponges. [2b,13h-j] Chen et al. showed that l-929 cells grow, proliferate, and infiltrate into gelatin/poly(llactide)-based aerogels. [13i] In optimizing the crosslinking conditions, Chen et al. were able to cultivate chondrocytes on an improved gelatin/PLA aerogel. These new scaffolds were also subject to an in vitro study on rabbits and showed promising properties for cartilage tissue engineering application. [13j] By exploiting the morphological similarity to bone, Xu et al. reported that electrospun PCL 3D aerogels promote growth of mouse bone marrow mesenchymal stem cells (mBMSC) acting as a promising scaffold for functional bone regeneration through the physiological endochondral ossification process. [13h] Using a simple PVA coating, Duan et al. were able to colonize Jurkat cells on the formerly hydrophobic poly(MA-MMA-MABP)/ PAN aerogel. [2b] Further developments in using such hierarchically structured aerogels can be expected in the near future.
Solid-templated nanofiber-based materials reveal high flexibility and reversible compressibility. Responsible for this behavior may be the robust hierarchical cellular structure and the fibers' character-
Freeze-drying and Post-processing
The frozen solvent crystals are removed by sublimation and only the nanofibrous framework is retained. The former nanofiber rich areas now become the cell walls, and the large, secondary pores (10-300 µm) are a replica of the solvent crystals. Although the cell walls are thin, they show minor, primary pores (2-5 µm) between tangled nanofibers. These primary pores are in the same size range as those of electrospun membranes. [17] This hierarchical and open-porous fibrous architecture has a tremendous relevance for potential applications such as tissue scaffolds, catalyst supports, sound absorption, or separation material (Table  1) .
However, post processing of such ultralight structures is crucial. Most nanofiber-based aerogels are either chemically crosslinked or pyrolyzed to enhance their mechanical stability. Furthermore, there is progress in covering the fibers with an outer shell to form core-shell composites, thereby enhancing the framework's stability while sacrificing some porosity. This outer shell can be either polymeric (e.g. poly(p-xylylene), PPX) or inorganic (e.g. MnO 2 ). [13d,g] Post surface modifications add a further dimension of versatility to nanofiber-based aerogels and many recipes can be transferred from proven procedures applied to electrospun nanofiber membranes. Without losing the intrinsic fibrous characteristics prior to solid templating, it is possible to adapt knowledge from the past two decades of electrospinning and literally turn it into the third dimension. fibrous character is maintained within the aerogel, all the expertise and inspiration generated for electrospun fibers can be transferred. A stunning number of electrospun nanofibers with different polymers and properties are fabricated and published each year. So far, only a tiny fraction of them are processed into aerogels. Third, the underlying freezing mechanism is very similar to the proposed mechanism in freeze-casting of ceramic nanoparticles providing an excellent knowledge base of developments and limitations. [14a,b,16,20] Although the toolbox for synthesizing new fibrous aerogels is well equipped, it is obvious that this young field of research is still in its infancy. Many fundamental questions and a number of aspects in processing short nanofibers are still waiting to be resolved and understood. Yet, further work on, for example, pore alignment and gradients within the aerogel, improvement in mechanical properties, complex material composites and development of largescale production is expected.
